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A new upper limit for the tau-neutrino magnetic moment
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Abstract

Using a neutrino beam in which aντ component was identified for the first time, theντ magnetic moment was measured
based on a search for an anomalous increase in the number of neutrino–electron interactions. One such event was observed
when 2.3 were expected from background processes, giving an upper 90% confidence limit onµντ of 3.9× 10−7µB .  2001
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1. Introduction

Magnetic moment measurements are an important
tool for probing the fundamental structure of matter.
Currently, precision measurements of the electron and
muon magnetic moments are being used to probe the
structure of the vacuum to the highest precision. A
non-zero magnetic moment for a neutrino would be a
clear and unambiguous signal for physics beyond the
Standard Model. We have used the data collected for
the Fermilab experiment E872 (DONUT) to perform
a search for anomalous electromagnetic interactions
of the tau-neutrino that would be a signature for
a magnetic moment. This Letter presents the first
measurement of theντ magnetic moment using a
neutrino beam in which theντ ’s have been positively
identified.

The direct limits on νe and νµ magnetic mo-
ments areµνe < 1.8× 10−10µB [1] andµνµ < 7.4×
10−10µB [2] and efforts are currently being made
to extend these limits by another order of magni-
tude [3,4]. In the CERN experiment WA66 [5], a limit
of µντ < 5.4×10−7µB was based on a calculated flux
of ντ ’s in the neutrino beam [6]. Direct limits have
also been set in electron–positron collider experiments
through detailed studies of the processe+e− → νν̄γ

[7–9]. Elsewhere, indirect limits for neutrino magnetic
moments were derived from the duration of supernova
explosion SN1987A, giving a limit of 10−11µB for
all neutrino flavors under the assumption that they are
equally produced.

The growing evidence for neutrino oscillations im-
plies that neutrinos are massive and that the weak
eigenstatesνe , νµ and ντ are mixtures of the mass
eigenstatesν1, ν2 and ν3 [10,11]. Consequently, the
electromagnetic properties of neutrinos should be as-
sociated with the mass eigenstates rather than the weak
eigenstates. Since the parameters of the mixing matrix
are as yet undetermined, and there remains the possi-
bility that neutrino mixing is further complicated by
an additional sterile neutrino [12], the composition of
any neutrino beam in terms of the mass eigenstates
can at this stage not be determined. Until the oscilla-
tion scenario is fully understood, the electromagnetic
properties should therefore be characterized by the ini-
tial neutrino flavor. This description is independent of
neutrino energy and distance from the source and al-

lows for an extraction of the mass eigenstate magnetic
moments once all of the mixing parameters are known
[13].

It has been argued thatνµ–ντ mixing together with
the current limit forνµ would give a limit ofµντ <

1.9× 10−9µB [14]. This derived limit depends on the
interpretation of oscillation experiments and does not
use the convention of specifying the magnetic moment
by the initial flavor state, which is adopted for our
result.

In DONUT, the tau-neutrino magnetic moment
would be measured as an anomalous increase in the
elastic neutrino cross-section above the value pre-
dicted by the Standard Model. Tau neutrinos inter-
act with electrons through Z0 exchange in the Stan-
dard Model, and a magnetic momentµντ adds an ex-
tra component due to photon exchange. The cross-
section for a neutrino interacting via its magnetic mo-
ment with an electron is given in the high-energy limit
by

(1.1)
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dTe

= µ2
ν

µ2
B

πα2

m2
e

(
1

Te
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Eν

)
,

whereTe is the energy of the scattered electron in the
laboratory frame [15]. The distribution ofTe for our
ντ energy spectrum is shown in Fig. 1.

The total magnetic moment scattering cross-section
is obtained by integrating overTe, where the unphysi-
cal divergence at zero is avoided by introducing a low-

Fig. 1. Kinetic energy distribution for the electron produced inντ

magnetic moment interactions. The solid line shows the electron
energy for Monte Carlo generated magnetic moment interactions
(Eq. (1.1) folded with ourντ energy spectrum), while the shaded
area shows the electron energy after all of the selection cuts.
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energy cutoffT min
e . Since the neutrino undergoes a

spin-flip when a photon is exchanged, there is no inter-
ference with the Standard Model process, and the total
neutrino–electron scattering cross-section is just given
by the sum of the two contributions.

Kinematic constraints [16] limit the angle between
the incoming neutrino and the scattered electron in the
laboratory frame to be

(1.2)θ2
ν−e <

2me

Ee

,

and for electron energies in excess of about 1 GeV,
θν−e is less than 30 mrad. This angular constraint
can be used as a clear signal to select neutrino–
electron scattering events from the background ofνe-
nucleon charged-current events in which the electron
is produced at a much larger angle.

2. The apparatus

The DONUT experiment took data in 1997 and
ντ –N charged-current interactions were observed in
nuclear emulsion [17]. The apparatus is described in
detail elsewhere [18]; only the components central to
this analysis will be discussed here.

The experiment consisted of three essential parts,
shown in Fig. 2: aντ enriched neutrino beam, a neu-
trino target, and a spectrometer with electron and

muon identification. A “prompt” neutrino beam was
produced by a beam of 800 GeV protons incident
on a tungsten target. The target length and material
were chosen so that most of the long-lived secondary
particles would interact in the target before decay-
ing, while the short-lived particles would decay be-
fore interacting. Hence the main contribution to the
high-energy neutrino flux came from the decay ofD-
mesons. The primary source ofντ was the leptonic de-
cay of aDs into aτ andν̄τ , and the subsequent decay
of the τ to a ντ . It is estimated that in the sample of
events located in the emulsion, the neutrino interac-
tions would be 47%νµ charged-currentevents, 27%νe

charged-current events, 5%ντ charged-current events,
and 21% neutral-current events. This composition was
confirmed by our measurements of charged-current in-
teractions [17].

Particles other than neutrinos originating in primary
proton interactions, mostly muons, were absorbed or
swept away from the neutrino target region using mag-
nets together with concrete, iron, and lead shielding.
Any remaining charged particles from the proton beam
dump that passed through the neutrino target region
were identified by a scintillation counter veto wall.

The neutrino target region, shown in Fig. 3, con-
sisted of four emulsion modules that were interleaved
with 44 planes of 0.5 mm diameter scintillating fibers.
This scintillating fiber tracker (SFT) was used to re-
construct charged particle tracks from the neutrino

Fig. 2. Experimental beam and spectrometer. At the left, 800 GeV protons were incident on the beam dump, which was 36 m from the first
emulsion module. Muon identification was done by range in the system on the right. The vertical scale is identical to the horizontal scale.
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Fig. 3. Closeup view of the neutrino target region from Fig. 2. The
emulsion modules are denote by an “E”, the trigger planes by a “T”.
Only scintillating fiber planes in one orientation are shown, they are
represented by thin vertical lines. Also shown is the upstream lead
wall and the target shielding box. The vertical scale is identical to
the horizontal scale.

interaction vertex. The entire target region was sur-
rounded by lead shielding, 20 mm thick on the up-
stream side and 6 mm thick on the other sides. Since
the veto counters were upstream of this lead shield,
neutrino interactions in the shield were allowed and
the wall was considered part of the neutrino tar-
get.

The other components of the spectrometer were
used for lepton identification and measurement of
the event energy. Momenta of charge particles were
measured through a combination of drift chambers and
a wide-aperture magnet. A lead-glass calorimeter was
used to measure the electromagnetic energy produced
by a neutrino interaction and to identify electrons and
minimum-ionizing particles. Muons were identified
with an array of proportional tubes between three
walls of iron.

The spectrometer readout was triggered by a signal
pattern consistent with more than one charged track
in the scintillation counter hodoscopes placed in the
emulsion region, and no signal from the upstream veto
wall.

3. Event selection

The final state of the neutrino–electron scattering
process consists of a neutrino that leaves the apparatus

undetected and a single electron that travels at a
small angle with respect to the incident neutrino
direction. Each emulsion module presents between
two and three radiation lengths in the direction of
the neutrino beam. Consequently, most electrons that
originate within an emulsion module have initiated
an electromagnetic shower measured by the SFT. By
contrast, the SFT presents only very little material in
the direction of the beam. Thus, it provides a sample of
the shower at a specific depth. The search for magnetic
moment interactions must therefore rely on identifying
electromagnetic showers through this characteristic
pattern of charged particle tracks.

In the six-month run of the experiment 4.0 × 106

events were recorded for analysis and 2.0 × 105 of
these had two or more reconstructed tracks in the
target region. From this sample, magnetic moment
candidate events were selected in a series of selection
cuts, each using more detailed detector information
than the previous one.

A large fraction of the events in the sample was
not produced by neutrino interactions but by high-
momentum muons that interacted in the material sur-
rounding the target and its support system. These inter-
actions sent secondary particles from the outside into
the target area. Events were therefore rejected if any of
the following requirements were met: there was a re-
constructed muon in the event; the reconstructed ver-
tex was not in the fiducial volume; none of the recon-
structed tracks had an angle of less than 100 mrad with
respect to the incoming neutrino direction. The fidu-
cial volume was given by the dimensions of the emul-
sion modules with the additional requirement that the
vertex was no more than 0.24 m in the transverse di-
rection from the center of a module.

The remaining non-neutrino events were removed
in a visual scan that selected events with a recon-
structed neutrino interaction vertex with no upstream
high momentum tracks. A total of 68 events were se-
lected in the data set compared to 41 expected from
a Monte Carlo simulation. The excess in the data was
caused by interactions of low-energy neutrons or pho-
tons in the most downstream emulsion module. These
events were removed by requiring a signal of at least
2 GeV in the lead-glass calorimeter, but only if the in-
teraction vertex was in the most downstream emulsion
module. This cut reduced the number of events to 29
in the data and 32 in the Monte Carlo.
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Since all of the remaining events were produced
by neutrino scattering, the selection cuts focussed on
rejecting ν–N events, which could be identified by
the hadronic activity in the event. Since each emul-
sion module corresponded to a thickness of about 0.3
nuclear interaction lengths, hadrons typically passed
through a module without producing shower particles.
Furthermore, low-momentum hadrons produced large
pulseheight signals in the SFT due to greater ioniza-
tion. Events with reconstructed tracks that had large
fiber pulseheights or passed through an emulsion mod-
ule without creating a particle shower were therefore
rejected.

Hadrons could also be identified in the electromag-
netic calorimeter because they produced only a small
signal compared to electrons of the same momentum.
Consequently, events with momentum-analyzed tracks
were rejected if the ratio of the measured track mo-
mentum to the signal in the electromagnetic calorime-
ter was less than 0.5.

Once these tests were applied only 13 events re-
mained. Monte Carlo simulations showed that hadro-
nic showers had a wider profile and more tracks at
large angles than electromagnetic showers. Events
were therefore selected if there was an identified elec-
tron at an angle of less than 30 mrad and if there
were no reconstructed tracks with angles in excess of
500 mrad. This left one event, shown in Fig. 4, an in-
teraction in the most downstream emulsion module.

Fig. 4. Target region view of the selected magnetic moment
candidate event. Shown are the hits in the scintillating fibers and
the reconstructed tracks associated with the neutrino interaction.

4. Data analysis

Magnetic moment interactions were simulated ac-
cording to the distribution given in Eq. (1.1), with a
lower electron energy cutoffT min

e = 0.1 GeV. This
cutoff ensures that the critical region between 0.1 and
2 GeV is fully simulated. In this region, the magnetic
moment cross-section falls steeply while the experi-
mental sensitivity increases slowly (see Fig. 1). The
generated particles were then propagated through the
detector in a GEANT Monte Carlo simulation [19].
The output was used to determine the selection ef-
ficiency for magnetic moment events. Similarly, the
expected number of events from Standard Model
processes was found from neutrino–nucleon interac-
tions generated by LEPTO [20].

Two sets of well-understood and easily identifiable
control events were used to study the magnetic mo-
ment cuts systematically, with a data sample and a
Monte Carlo sample in each set. Comparing the frac-
tion of events removed from the two samples by each
selection cut provided an estimate of the systematic
uncertainty and the difference between data and Monte
Carlo. The first set consisted ofνµ charged-current in-
teractions containing a reconstructed muon, thus pro-
viding background events for this analysis. The sec-
ond set consisted of events with an electromagnetic
shower, thus providing signal events for this analy-
sis. In this set, the data sample contained “knock-on”
electrons that were produced when a high-momentum
muon scattered off an electron in the target region.
These electromagnetic showers were extracted from
data runs with straight-through muons collected for
calibration and alignment. The electron energy spec-
trum in these events drops asT −2 [21], which makes
them well-suited to study the sensitivity of the signal
to our set of cuts (see Eq. (1.1)).

Two different approaches were used to compare
data to Monte Carlo for the two sets of control events.
In one approach, the fraction of events removed by
each cut from the full sample was found for data and
Monte Carlo. Since each cut was applied to the entire
sample of events, this gave an accurate estimate of
the systematic uncertainty for each cut. No difference
between data and Monte Carlo was found, with each
cut removing the same fraction of events from both
data and Monte Carlo for both control sets within
statistical uncertainty.
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Dependencies between cuts were addressed in the
second approach, in which all of the cuts were applied
to a given sample. Each cut was applied only to the
events that passed the previous cut. After each cut, the
fraction of remaining events was compared between
data and Monte Carlo. In this approach, the statistical
uncertainty increased with each cut as the number of
remaining events decreased. Again, no difference was
found between data and Monte Carlo for both control
sets within statistical uncertainty.

5. Results and discussion

The single event surviving all cuts is shown in
Fig. 4. This neutrino interaction occurred in the most
downstream emulsion module and produced a narrow
shower of particles with a reconstructed track at its
center that had an angle of(10± 5) mrad with respect
to the neutrino direction. The total recorded signal in
the calorimeter was 20.0 GeV, of which 16.8 GeV
were associated with the central part of the electro-
magnetic shower. For this energy, the electron angle
should be less than 7 mrad according to Eq. (1.2). The
selected event could be a quasi-elasticνe–N interac-
tion with a relatively low-energy neutrino.

A selection efficiency for magnetic moment events
of (9.0 ± 0.6)% was found in the Monte Carlo
study. The expected background rate due to neutrino–
nucleon scattering was 2.3 events and other processes,
such as weak neutrino–electron scattering, are ex-
pected to contribute less than 0.05 events. As we
observed one event when the expected background
rate was 2.3 events, we did not observe any signal
events and the measured magnetic moment is zero.
A statistical analysis based on the Feldman–Cousins
method [22] yields a 90% upper confidence limit
of 2.3 events in the signal.

To convert this limit on the number of signal events
to a limit on the tau-neutrino magnetic moment,
Eq. (1.1) is integrated numerically, taking into account
theντ energy spectrum. The resulting cross-section is

(5.1)σ
µ
tot =

µ2
ν

µ2
B

× 1.8× 10−28 m2.

A total of 3.56× 1017 protons on target were used
in generating this sample. The average target mass

during the run was 554 kg, corresponding to 1.7×1029

target electrons. The number of expected events for a
magnetic momentµν is then given by the product of
flux, cross-section, and number of scattering centers,
or:

(5.2)nevents= µ2
ν

µ2
B

× 1.5× 1013.

This gives a limit for the magnetic moment ofµν <

3.9 × 10−7µB . For comparison, the experimental
sensitivity is 4.9 × 10−7µB , which is the limit that
would be obtained had we observed as many events
as predicted for the background.

This analysis is flavor-blind and the limit applies in
principle to the sum over all neutrino flavors. However,
more stringent limits have been determined by other
experiments forνe and νµ. Assuming a magnetic
moment at the current limit, their contribution would
be less than 10−4 events. The limit is therefore
interpreted as a new upper limit onντ .

While systematic uncertainties were not included
in this analysis as they are not part of the Feldman–
Cousins method, they would only change the result
slightly because the uncertainty due to Poisson sta-
tistics completely dominates the estimate of the limit.
Contributions to the systematic uncertainty come from
the neutrino flux calculation (15%), the total pro-
ton flux (15%), and the number of generated Monte
Carlo events (5%). In addition to the statistical analy-
sis based on the Feldman–Cousins method, a Bayesian
analysis was performed [23] including all these sys-
tematic uncertainties using a flat prior distribution in
the magnetic moment. This yields a 90% confidence
limit of µντ < 3.5 × 10−7µB . We include this result
for comparison, only the upper limit derived with the
Feldman–Cousins method should be quoted.

6. Conclusions

The new upper limit for the tau-neutrino magnetic
moment of 3.9 × 10−7µB is an improvement over
the previous limit [5]. Moreover, this is the first
experiment to directly observe that theντ component
in the neutrino beam is at the expected level.

The new limit is still three orders of magnitude
above the limits forνe andνµ, and it dominates when
extracting limits for the mass eigenstates from the



DONUT Collaboration / Physics Letters B 513 (2001) 23–29 29

current limits for the flavor eigenstates. Improving
the limit on µντ would require aντ beam that is
comparable in total flux to previousνe andνµ beams.
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